Abstract. -Fe-Nd-B magnets were prepared by the powder metallurgical process. The magnets were coated with TiN or ZrN by using the reactive triode ion plating technique in order to improve the corrosion resistance. The special purpose of the present work was to combine the coating process with the heat treatment of the magnets. Magnetic and corrosion properties of the coated magnets are reported in the present study.
Introduction
One of the major deficiences of Fe-Nd-B magnets is their poor corrosion resistance which is due to the sensitivity of the composition and phase structure of such magnets. The aim of the present work was to study the effect of the reactive triode ion plating, which is a sophisticated physical vapour deposition (PVD) technique, on the corrosion resistance of Fe-Nd-B magnets. The special purpose was to combine the coating process with the heat treatment of the magnet which makes the PVD process more economical [I] .
Experimental procedure
The magnets were prepared (33 wt-% Nd, 1.3 wt-% B) by using the powder metallurgical process [2] .
The uncoated reference magnets were heat treated at 650 OC which was optimal for the intrinsic coersivity.
The general description of the reactive triode ion plating process is given in reference [3] . In the present work the magnets were ground and thoroughly cleaned with ultrasonic washer before coating. At the beginning of the coating the deposition chamber was evacuated to lo-' mbar after which the argon gas (45 cm3/min) was blown in; the pressure was adjusted to 6 x mbar. The magnets were biased from -100 to -500 V. The sputtering (w 1 hr) of the magnets was started by biasing the W-filaments from -100 to -200 V which causes a glow discharge. The temperature was measured inside the magnets with a chromelalumel thermocouple. After sputtering either titanium or zirconium was evaporated by using the electron beam gun; the evaporation rate was measured with the quartz crystal sensor. After the deposition of the pure metal nitrogen (45 cm3/min) was blown into the chamber. Nitrogen reacted with the evaporated metal and formed a layer of TiN (or ZrN) on the surface of the magnets. After deposition the magnets were cooled 250 OC in five minutes by argon gas. The detailed description of the coating experiments in the present work is presented in the table I. In the experiments 6 and 7 the temperature was elevated to 625 "C during the last 15 minutes of the deposition by increasing the substrate and the filament biases. Three magnets were re-heat-treated at optimal temperature after coating. The properties of coated magnets were compared with reference magnets sintered at 1080 OC and annealed in all cases at 650 "C except the experiment 7 (630 OC). The internal and normal hysteresis loops were measured in the closed circuit arrangement with the maximum field strength of 2.2 T. The corrosion resistance was studied by using the boiling water test. Magnets were boiled for 24 hours in the distilled and ion changed water with 6 wt-% NaCl (pro analysi) [4] . Microstructures of the coatings were studied by using the scanning electron microscope (Jeol 840A). Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19888301
Results and discussion
The magnetic properties obtained in this work were the following: the remanence varied between 1.22-1.33 T being almost equal for coated and uncoated specimens, the intrinsic coersivity varied between 7.0-9.1 kOe and the energy product from 36 to 42 MGOe. The intrinsic coersivity (H,;) was always lower for the coated magnets than for the reference specimens. The AH,; values are presented in the table 11, where also the corrosion resistance and the adhesion of the coatings are given. In the experiments 1 and 2 where deposition was made at high temperatures (650-680 OC) an additional knee was found in the second quadrant of the hysteresis loops. As seen in table I1 in the experiments 1 and 2 the intrinsic coersivity was 0.5-0.8 kOe lower than in the reference magnets. This is partly due to the difficulty of the temperature control during the deposition stage where the temperature was 20-30 OC over the optimal annealing temperature for short periods of time. The second knee, which was found in the hysteresis loops, is obviously due to thick diffusion layer on the surface of the magnets. The formation of this layer may be related to a liquid Nd-rich phase which appears in the ternary Fe-Nd-B alloy above 630 OC. In the experiment 3 the magnets were only heat treated by sputtering at 650 OC. Because the temperature control (f 3 OC) is much more accurate in the sputtering than in the deposition stage the intrinsic coersivity of as-sputtered magnets was almost as good as for the
referencies. In the experiments 4 and 5, where the magnets were heat treated by sputtering and then deposited at lower temperatures, the intrinsic coersivity was 0:5 kOe lower than for the reference magnet. These results indicate together with the experiment 3 that the magnets can be optimally heat treated in the sputtering stage but some of the intrinsic coersivity is lost in the deposition. This is mostly due to the unproper temperature control during the deposition
stage. In the experiments 6 and 7 the temperature was elevated to 625 OC during the last 15 minutes of the deposition but the magnetic properties were however 0.8-1.0 kOe lower than for the reference magnets. Even by the optimal heat treatment at 650 OC after the coating process the intrinsic coercivity could not be improved. This results probably from the unrecoverable changes of the microstructure at low temperatures. The adhesion of the TiN and ZrN coatings in the samples 1 and 2 was so poor that they failed already in normal handling. The poor adhesion was probably due to the brittle diffusion layer between the coating and the matrix. The experiment 4 resulted in a moderate adhesion of the TiN coating. The corrosion resistance was moderate as well. Especially the corners of the magnets which were violated in the sputtering stage failed in the corrosion test. The magnets which were coated with ZrN in the experiment 5 lasted 8 hours in the corrosion test. In this coating process the substrate bias and the kinetic energy of the sputtering ions were decreased and, accordingly, the surfaces of the magnets were not violated. The corrosion resistance of the sample 6 was very good, the magnets did not fail in the 24 hour cckrosion test. The scanning electron microscopy (SEM) studies indicated that the coatings were dense and their grain size small; no porosity was found in the coatings. The corrosion resistance of the coatings made in the experiment 7 was poor although the adhesion was good. In the SEM studies the coatings were found to be more columnar when compared to experiment 6; otherwise the coatings were dense and no porosity was visible. 
Summary
The present work indicated that the poor corrosion resistance of the Fe-Nd-B magnets can be significantly improved by using the reactive triode ion TiN and ZrN plating technique. In such a method the magnets can be heat treated simultaneously with the coating process. The additional research for optimizing the magnetic properties and the corrosion resistance of the TiN and ZrN coatings is furthermore required.
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